Introduction
Pertussis (whooping cough) is an acute bacterial respiratory infection caused by Bordetella pertussis. It is characterised by a protracted coughing illness that can last for several weeks. The illness typically begins with a catarrhal stage followed by periods of intense paroxysmal coughing spells. Infants under 1 year are at the highest risk of complications, such as pneumonia and seizures, while adolescents and adults tend to display milder symptoms, sometimes without the classic features of a protracted paroxysmal cough.
Humans are the only known host for B. pertussis, so elimination through vaccination is theoretically possible. However, protection conferred by natural infection and current vaccination schedules is not lifelong [1] . Routine pertussis immunisation was introduced in England and Wales in 1957 with a whole-cell pertussis (wP) vaccine for infants from 3 months of age. In the pre-vaccine era, large epidemics of pertussis occurred every three to five years, affecting up to 150,000 people and contributing to approximately 300 deaths each year [2] . Although England and Wales have experienced an extended period of high vaccine coverage and disease incidence has fallen dramatically, pertussis remains the most common vaccine-preventable cause of hospitalisation and death in infants [3] .
Pertussis persists as an infection of global public health importance. Many countries with long-standing vaccination programmes have reported a resurgence of pertussis, particularly in adolescents and adults [4] [5] [6] and young infants less than 6 months of age [7] [8] [9] , despite sustained high vaccine coverage. This has led to a growing international debate on the potential strategies to optimise global pertussis control. A 2010 review by the Strategic Group of Experts in Immunisation (SAGE) on pertussis control strategies recommended a booster dose for children aged 1-6 years, preferably during the second year of life, following completion of the primary infant schedule [10] . Although a number of countries, including France, the United States (US) and Australia, have recommended adolescent boosters and cocooning (vaccinating close household contacts of young infants), data to support the introduction of neonatal pertussis immunisation remain inconclusive [10] . In 2011, the US became the first country to advise that pertussis-containing vaccine can be safely administered to pregnant women who have not previously received the recommended adult dose [11] . This advice was updated in October 2012 to recommend that pertussis-containing vaccine be routinely offered to women in every pregnancy [12] .
Understanding the impact of different control strategies on pertussis epidemiology is likely to inform future vaccine policy in the UK and other countries. In this review, we present a historical overview of the epidemiology and control of pertussis in England and Wales in the pre-and post-vaccine era and the implications for future pertussis control.
Methods
Searches, not limited by language or country, were undertaken in November 2011 with the terms Bordetella pertussis, whooping cough, epidemiology and pertussis vaccine using the Cochrane Library, MEDLINE , the Cumulative Index to Nursing and Allied Health Literature (CINAHL) (1981-2011), Embase , the International Standard Randomised Controlled Trial Number (ISRCTN) Register, the Health Management Information Consortium database (a compilation of data from two sources, the UK Department of Health Library and Information Services and the King's Fund Information and Library Service) and from bibliographies of collected papers and reviews. An updated search was undertaken in September 2013, prior to publication, to identify any further relevant papers.
Grey literature and unpublished surveillance data from England and Wales were also identified and a number of key UK sites, including the Department of Health, Office for National Statistics and Health Protection Agency (now Public Health England), were accessed. Epidemiological data for England and Wales up to December 2012 were extracted. International websites were also searched, including those of the World Health Organization, the US Centers for Disease Control and Prevention and the Australian Department of Health and Ageing. All the abstracts or the full paper, if no abstract was available, were reviewed for relevance. Studies were included if any of the following criteria were met, based on a review of the full paper: epidemiological data on pertussis in England and Wales; pertussis vaccine trials and pertussis vaccine policy in England and Wales.
Results

Literature search
Around 650 articles were retrieved and each was designated to one of the three authors and the abstracts reviewed for relevance. When the abstract was not available, the full paper was obtained and assessed for a decision on its inclusion. Approximately 320 full papers were reviewed for inclusion. Following author review, 76 papers were retained for inclusion in the final review.
Development of the whole-cell vaccine and early vaccine trials (1913-1957)
The French researchers Bordet and Gengou described B. pertussis as the causative agent of whooping cough in 1906 [13] . By the 1920s, scientists had developed vaccines to control many infectious diseases including smallpox, typhoid fever, diphtheria and tetanus, but pertussis proved more challenging. By the 1930s, pertussis was an increasingly dominant cause of childhood mortality, outranking diphtheria, scarlet fever and measles in many European countries [14] . During the 1930s, the American researchers Kendrick and Eldering performed animal studies to design a potential candidate vaccine using inactivated whole B. pertussis bacilli [15] [16] [17] [18] . In a field trial involving 1,592 (712 vaccinated and 880 control) children, there were 63 pertussis cases in the control group and only three in the vaccinated group [15] . North-American field trials of newer inactivated vaccines conducted in the 1940s and 50s also demonstrated a protective effect [15, [19] [20] [21] . As a result, the American medical community began to use the pertussis vaccine on an ad hoc basis [22] . [25] and so performed new field trials [26, 27] with a number of vaccines, including those of American origin used in previous studies.
In 1956, a review of two series of field studies was published in which 14 pertussis vaccines were tested for their effectiveness in 28,799 children [26] . The vaccines used in the first series of trials gave poor protection while those in the second series showed protection that was maintained for up to three years [28] . The latter series included three UK-manufactured vaccines using endemic strains of B. pertussis with comparable effectiveness to the reference vaccine made with American strains [26] . The studies highlighted the variability in the protection afforded by pertussis vaccines at that time. General and severe local reactions were rare.
While the field trials were in progress, vaccines were tested for their ability to protect mice against intra-cerebral pertussis infection [26] . A comparison between field and animal studies showed some correlation between the effectiveness in children and the ability to protect mice against intra-cerebral infection. The MRC trial concluded that only those vaccines with adequate efficacy, as demonstrated by the intra-cerebral mouseprotection test, should be issued for use in children [26] . Following the introduction of routine pertussis immunisation with diphtheria, tetanus and whole-cell pertussis (DTwP) vaccine in the UK in 1957, there was a substantial decrease in notifications. Mortality associated with pertussis declined considerably after 1945 (Table) [2]. Before routine immunisation, this decline was observed in children aged under 10 years and so was likely to have been due to improved treatment, including widespread use of antibiotics [2] . Most pertussisrelated deaths occurred in infants (Table) . Pertussis mortality rates fell further following the introduction of routine immunisation in 1957 (from 106.1 to 13.1 per million infants in 1954-57 and 1970-73, respectively) but case-fatality rates in infants remained relatively constant (5.3-9.2 deaths per 1,000 notifications) during the same period.
Impact of routine wP vaccination in England and
In a report published in 1977, there was a consensus within the UK Joint Committee on Vaccination and Immunisation that the introduction of routine pertussis immunisation had been a major factor in the decrease of notified pertussis [2] . This reduction did not continue, however, and notifications stabilised during the 1960s, with sustained 3-4 yearly cycles of increased incidence ( Figure 1 ). The lack of a continued reduction in pertussis was considered likely to be due to either a change in the infecting bacterium or the use of vaccines with suboptimal effectiveness during 1957 to 1968 [2] . Moreover, considerable concern was raised by members of the committee, manufacturers, local health boards and general practitioners (GPs) regarding the risk of reactions attributable to the pertussis vaccine component. In 1964, the committee evaluated the benefits and risks and concluded that the pertussis vaccine had a protective effect [2] . However, ongoing concerns led to an investigation in 13 Notifications reached a record low of just over 2,000 cases in 1972 ( Figure 1 ). However, there was continuing debate about the impact of pertussis vaccination on disease burden, the risk of severe local and neurological reactions and difficulties with diagnosis, which culminated in a comprehensive review in 1977 [2] . This concluded that the effectiveness had been restored following changes to the vaccine's composition in line with the international potency standards and that a full course reduced both the risk and the severity of the disease.
wP vaccine safety scare in England and Wales (1970-1980s)
Before 1970, reviews of the pertussis vaccine were chiefly focused on its effectiveness. Concern regarding the reactogenicity of the pertussis component of the DTwP vaccine had been expressed for a number of years [32] and a causal relationship with neurological complications was suggested in 1974 [33] , which led to a publicity campaign by groups seeking to highlight the hazards of vaccination. Media speculation on the safety of pertussis vaccine stimulated further parliamentary and public interest. In a House of Commons debate in 1974, it was stated that between 1,000 and 2,000 children in the UK had suffered irreversible brain damage as a result of the vaccine [32] . At that time, some publications also suggested that the introduction of mass vaccination had no effect on disease burden and had an association with neurological complications [34] . These findings were in contrast to those of Miller and Fletcher, who reported that the risk of an unvaccinated child being admitted to hospital with pertussis was eight times higher than that of a fully vaccinated child [35] .
With sustained adverse publicity, the acceptance rate for pertussis immunisation in England fell from 79% in 1973 to 31% in 1978 (Figure 1 ) and the first of three national epidemics of pertussis occurred from 1977 to 1979 [36] . An estimated 5,000 hospital admissions, 200 cases of pneumonia, 83 cases of convulsions and 38 deaths occurred and the illness was often protracted and debilitating, lasting up to 10-12 weeks [23] . In comparison with previous epidemics, the attack rate in children aged under 5 years (in whom coverage was low) was considerably higher. The attack rate was especially high in areas where vaccination uptake was lowest [23] .
In 1981, the National Childhood Encephalopathy Study (NCES), which aimed to provide an accurate estimate of the risk of neurological complications following pertussis immunisation, reported a preliminary risk estimate of approximately 1 in 310,000 (95% confidence interval (CI): 1 in 5,310,000 to 1 in 54,000) for a previously healthy child developing neurological sequelae persisting one year after immunisation [37] . However, a Joint Committee on Vaccination and Immunisation review in 1981 concluded that any risk from immunisation was low and outweighed by its advantages and that pertussis vaccine should continue to be recommended as part of the routine UK childhood immunisation programme [23] .
An additional Public Health Laboratory Service study in 1982 [38] demonstrated that the vaccine was effective in preventing serious disease, which began to restore confidence in the vaccine. In 1988, the UK High Court ruled that a causal link between the vaccine and permanent brain damage had not been proven [39] . In 1993, the final report from the National Childhood Encephalopathy Study concluded that DTwP vaccine may, on rare occasions, be associated with the development of severe acute neurological illnesses that could have serious sequelae but concluded that the balance of the possible risks against the known benefits supported the continued use of the vaccine [40] . It was later shown that such cases can be due to Dravet syndrome, a rare genetic disorder that may initially present as a febrile seizure following immunisation [41] .
A number of national initiatives were undertaken to improve overall vaccine coverage, including the establishment of District Immunisation Co-ordinator posts, the provision of financial incentives for GPs for achieving a target vaccine coverage [36] and the implementation of a national publicity campaign in 1985 [42] . Together with better public awareness of the disease and increasing confidence in the pertussis vaccine, these measures led to a sustained increase in coverage from 1980, which in 1988 reached levels of more than 75% for the first time ( Figure 1 ).
Accelerated schedule
An accelerated 2-, 3-and 4-month primary infant schedule was introduced in England and Wales in June 1990 against a background of improving coverage. UK studies showed that an accelerated schedule provided satisfactory immunogenicity [43, 44] and lower levels of reactogenicity [45] than the previously recommended extended schedule (at 3, 4.5-5 and 8.5-11 months). The decision to recommend a 2-, 3-and 4-month rather than a 2-, 4-and 6-month schedule (as in the US), was based on a number of factors including the recognition that earlier completion of the schedule would afford more rapid protection against pertussis and be likely to improve vaccine coverage. Evidence based on clinic attendance rates suggested that attendance rates began to wane by the time a child reached 7-8 months and thus the move to an accelerated schedule would increase the proportion of infants completing three doses [46] . This Joint Committee on Vaccination and Immunisation recommendation was also in part based on experience in Canada and the US, where schedules starting at the age of 2 months had been associated with a reduction in febrile convulsions [47] .
It was later shown that completion of vaccination by the age of 4 months instead of 10 months may have resulted in a four-fold decrease in febrile convulsions attributable to the DTwP vaccine [48] . Despite the change to an accelerated schedule, a booster in the second year of life was not recommended in the UK. Assessment of antibody levels to diphtheria, tetanus and pertussis demonstrated adequate protection with an accelerated schedule (at the age of 3, 4 and 5 months), which persisted to the age of the preschool booster [43] .
For the first cohort of children immunised under the accelerated schedule, vaccine coverage at the age of 12 months was identical to that achieved at the age of 18 months on an extended immunisation schedule [49] . This suggested that the immediate impact of the new schedule was to reduce the average age at which children received the third dose. In addition to providing earlier protection, this accelerated schedule was expected to further increase coverage, as the dropout rate for the third dose was lower when scheduled earlier.
In the years following the introduction of the accelerated schedule (in 1990), public confidence in the wholecell vaccine continued to recover and coverage further increased for all vaccine antigens, including pertussis. Pertussis vaccine coverage by the age of 2 years reached 92% in 1992 and has since exceeded that level ( Figure 1 ). Pertussis notifications in infants continued to fall from a peak of nearly 1,600 notifications in 1990. Peaks of pertussis disease in infants, however, continued to recur at lower levels every three to four years; the highest peak, between 1998 and 2009, was 300 notifications in infants in 2001 [3] .
In addition to the overall reduction of disease in infants, the direct impact of the change to an accelerated schedule was apparent in the proportionate distribution of laboratory-confirmed cases in infants.
The proportion of cases in infants aged 6-11 months fell from 50% (1989) to 26% (2008), indicating earlier protection [3] . While there was a concurrent increase in the proportion of cases among infants aged under 3 months (from 17% in 1989 to 50% in 2008), incidence in this age group fell (from 134 per 100,000 in 1989 to 76 per 100,000 in 2008).
Introduction of an acellular booster dose
Data from the US in 1993 suggested that waning immunity among adults was becoming an important factor in maintaining disease transmission [50] . The pertussis epidemics in the UK in the 1970s and 1980s would have led to natural boosting in all age groups and it was therefore considered likely that disease transmission at older ages would be delayed for some years [51] . There was concern that early waning of immunity following an accelerated primary course could lead to inadequate immunity in the pre-school years and thus increase transmission to unimmunised young infants from older siblings [51] . However, early data in 1994 following the accelerated schedule did not support this concern [42, 52] .
Whole-cell vaccine had been shown to have unacceptably high reactogenicity when given as a booster after a whole-cell primary course. Relative efficacy trials of highly purified acellular vaccines and whole-cell vaccines were under way in Sweden by the early 1990s [53, 54] . The potential role of acellular pertussis (aP) vaccines for boosting was recognised at that time. The Department of Health in England funded clinical trials to collect immunogenicity and reactogenicity data for the aP vaccine 2-, 3-, 4-month schedule and to generate data on its compatibility with other antigens in the UK schedule [55] . A Swedish multicentre trial of threeand five-component acellular vaccines and the wholecell vaccine in use in the UK confirmed that the latter was highly effective against mild and severe disease [56] .
It had been suggested that the consistent three-to-fouryear intervals observed between peak years despite a reduction in incidence indicated that while wP vaccine provided good protection against clinical disease, it was poorly protective against transmission and provided a minimal herd-immunity effect [57] . Any change in disease incidence in infants aged under 3 months must be due to an indirect or herd effect as they are too young to be fully vaccinated. Miller and Gay showed how the epidemic period and the total number of notified cases in infants aged under 3 months up to 1994 fitted with a model that assumed 80% effectiveness against transmission, despite continued three-to-fouryearly cyclical increases in pertussis [58] . This modelling suggested that with sustained high coverage, even without the assumption of waning immunity, disease incidence was likely to increase in older children over 10 years of age and adults.
In England and Wales, pertussis notifications from 1990 to 1997 continued to fall, with persistent peak levels of disease every three to four years [59] . While the number of cases in infants aged under 6 months fell overall in this period, the disproportionate pertussis burden in young infants, under-ascertainment of disease burden and the importance of household contacts as a source of infection helped inform the decision to introduce a pre-school pertussis booster. In 2000, based on modelling by the Public Health Laboratory Service [60] , the Joint Committee on Vaccination and Immunisation recommended that the most cost-effective introduction of a booster dose would be as an acellular pre-school booster, to indirectly protect infants too young to be immunised [61] . Whole-cell vaccine was not recommended due to its unacceptably high reactogenicity when used as a booster [62] .
In November 2001, at a time of high vaccine coverage (94% at 2 years of age for completion of the primary course in England [63] ), pertussis was introduced in the pre-school booster as a three-or five-component (DTaP3 or DTaP5) vaccine given with oral polio vaccine (OPV) and measles-mumps-rubella vaccine. This further contributed to the continuing fall in the number of infant cases and an overall reduction in the incidence in children aged under 10 years from 1998 to 2009 (Figure 2 ) [3] . An initial estimate of the effectiveness of a four-dose schedule was 95.3% (95% CI: 91.9 to 97.2), with cases followed up for up to seven years [3] . A fourdose schedule was estimated to provide an additional 46% (95% CI: -7 to 71) effectiveness compared with three doses [3] .
The incorporation of aP vaccines into the primary schedule
The Joint Committee on Vaccination and Immunisation agreed to move from wP to aP vaccines in the primary schedule when comparable efficacy was demonstrated [64] , given the lower rates of systemic and local adverse reactions reported with aP vaccines, particularly in those eligible for the pre-school booster.
Another consideration was that the DTwP vaccines contained thiomersal, a mercury-based preservative, while aP vaccines did not. Although there was (and still is) no evidence of harm, this decision was in line with an international aim to reduce children's mercury exposure from avoidable sources. The Joint Committee on Vaccination and Immunisation had previously agreed with the advice from the Committee on the Safety of Medicines to move to thiomersal-free vaccines when effective alternatives were available. The introduction of an aP primary course was also linked to the decision to replace OPV with inactivated polio vaccine (IPV) as soon as progress on global polio eradication reached a point where the risk of importation to the UK had fallen markedly [64] . Consideration of these issues led to the introduction of a combination vaccine including High primary coverage continued after the introduction of the DTaP-Hib-IPV vaccine ( Figure 1 ) and, from July to September 2011, DTaP-Hib-IPV coverage by the age of 1 year in England was 94.4% and uptake for the pre-school DTaP-IPV vaccine was 85.4% by the age of 5 years [66] . The change in vaccine occurred during the observed fall in incidence in children aged under 10 years between 1998 and 2009 [3] . While notifications and laboratory-confirmed cases in those over 10 years increased over the same period (between 1998 and 2009), the incidence of hospitalised cases remained stable [3] . These increases in teenagers and adults were thought to have been influenced by the introduction of routine serology testing, leading to improved ascertainment in these age groups [3] .
In 2011, the overall incidence of pertussis reached a similar level to that in 2008, the previous peak year [67] . The number of confirmed cases in people aged15 years or older, however, exceeded expected levels and was nearly 50% higher in 2011 than that in 2008 (incidence of 1.6 per 100,000 vs 1.1 per 100,000) [67] . While levels in younger age groups (including infants aged under 3 months) were also high, they were in line with anticipated cyclical increases (Figure 2 ). This rise in activity continued into the first half of 2012, with increases extending to young infants less than 3 months of age and led to a national outbreak being declared in April 2012 and the introduction of a temporary vaccination programme for pregnant women in October 2012 as an outbreak response measure [68, 69] . Pertussis activity peaked in October 2012 and subsequently declined during 2013 across all age groups, in line with normal seasonal trends [70] . Although there has been a substantial fall in the number of cases among infants less than 3 months of age, this outbreak response measure remains in place while high levels of pertussis persist in those over 15 years of age and we approach the period between July to October where pertussis incidence is typically highest [70] .
Discussion
The introduction of routine pertussis immunisation has had a marked impact on the burden of pertussis in England and Wales. The change to an accelerated schedule and sustained high vaccine coverage further reduced pertussis incidence. Since the inclusion of pertussis vaccine in the pre-school booster, there has been a continued reduction in pertussis incidence in children aged 3 months to 9 years. Pertussis incidence is still highest in infants aged under 3 months who cannot be fully protected by immunisation and who are most likely to suffer serious complications. The key aim of the pertussis immunisation programme is to protect these vulnerable infants.
Since the routine availability of serology testing from 2002, the increase in the reported incidence in people aged 10 years and above has been attributed to improved case ascertainment. The recent disproportionate increase in older age groups, however, appears to be a true rise, particularly in those aged 15-40 years. This follows similar increases seen in other countries including Australia, the US and the Netherlands [4, [71] [72] [73] and is in line with the predictions of Miller and Gay [58] . Although this increase has arisen after the transition to the routine use of the aP vaccine, the age groups affected largely fall outside the aP cohorts (both booster and routine). Vaccine uptake was 78% in 1971, falling to 31% by 1978 then recovering to 92% by 1992. Cohorts born in this period therefore had a lower likelihood of vaccine protection but a greater chance of natural exposure. As pertussis activity fell to consistently lower levels after 1990, boosting through natural exposure was unlikely in all age groups from 1991 to 2010.
The Strategic Group of Experts in Immunisation review concluded in 2010 that the introduction of an adolescent booster should be based on cost-effectiveness [10] . In those countries where adolescent boosters have been introduced (US and Australia), a decreased pertussis burden in the target population has been reported but the impact on the disease in infants is uncertain. Data from the US [74] do not show indirect benefits but the Australian data suggested some benefit for infants when using a school-based catch-up programme (with a broad age group) and a routine programme targeting adolescents aged 12 years and older [75] . A Joint Committee on Vaccination and Immunisation review of the UK adolescent programme is ongoing and inclusion of the pertussis vaccine is being considered. Given the level of under-ascertainment from routine surveillance, accurate estimates of pertussis incidence and burden in adolescents will be essential to inform future costeffectiveness analyses.
In response to the ongoing national outbreak and the high rates of disease in infants, a temporary vaccination programme for pregnant women was launched in the UK on 1 October 2012 [68, 69] . This outbreak response measure was introduced following a review by the Joint Committee on Vaccination and Immunisation of potential vaccine strategies to optimise protection for young infants before their primary course can be delivered [76] . Assessment of the impact and effectiveness of this strategy are curren
